
Insights on a new path of pre-mitochondrial apoptosis
regulation by a glycosaminoglycan mimetic
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Lysosomal cathepsins have recently been reported to play crucial roles in the regulation of the mitochondrial death cascade by
an unclear mechanism leading to mitochondrial membrane permeabilization. Glycosaminoglycans (GAG) are a family of ionic
polysaccharides present at the lysosomal compartment and shown to inhibit lysosomal cathepsin activities. The implication of
this family of polysaccharides in the regulation of the pre-mitochondrial death cascade has still not been considered. Here, we
demonstrate in a model of skin fibroblasts submitted to oxidative stress that a GAG–mimetic protects the lysosome from
membrane disruption, reduces intracellular ROS levels, and inhibits mitochondrial membrane potential collapse, cytochrome
c release and caspases-9 and -3 activations without affecting the extrinsic pathway of apoptosis. Heparan sulfate and
chondroitin sulfate, but not heparin, showed also protecting effects when assessing key points of the intrinsic pathway of
apoptosis. We suggest the existence of molecular links between endogenous GAGs and the regulation of apoptosis.
Cell Death and Differentiation (2009) 16, 770–781; doi:10.1038/cdd.2009.9; published online 20 February 2009

Sulfated glycosaminoglycans (GAGs) are a family of biologi-
cally relevant polysaccharides known to regulate a number of
fundamental biological processes, as cell growth, migration,
adhesion, and differentiation, through their interaction with
particular proteins known as heparin-binding proteins (HBP).
Growing number of evidences indicates that the specificities
of these interactions are related to the presence of particular
and finely shaped sulfated sugar sequences fashioned during
the GAGs biosynthesis and catabolism giving a great diversity
and potential specificity of their structures.1

There are now increasing evidences out-lighting the
existence of a biological machinery that initiates and regulates
programmed cell death between lysosomes and mitochon-
dria. A crucial step of this novel death cascade involves
lysosomal membrane permeabilization (LMP) associated to a
release of cathepsins to the cytosol which occurs before
cytochrome c release and caspase activation.2 Lysosomal
cathepsins B, D, and L have been shown to translocate from
the lysosomal lumen to the cytosol in response to a variety of
signals such as TNF receptor ligation,3,4 p53 activation,5

and oxidative stress.6 Interestingly, recent studies suggest
that once at the cytosol, lysosomal enzymes can induce
mitochondrial dysfunction through the activation of a Bax/
Bak-dependent pathway.7 The fine mechanisms associated
with these processes are largely unknown and information
concerning the processing and activation of lysosomal
proteases remains poor.8 However, implication of GAGs in
the pro-cathepsin B activation9 and in the inhibition of

cathepsins enzymatic activities10 suggest a potential involve-
ment of these complex polysaccharides in cell death
processes. After their excretion to the extracellular level, in
where they excerpt a number of functions, GAGs are partially
processed by endo-b-glucuronidases, as hyaluronidase
and heparanase, and endocyted. Lysosomal GAGs are then
partially degraded by sulfatases and exo-glycosidases to
produce oligosaccharides that might also interact with
intracellular HBP and modify their activities or fates. We
postulate that intracellular GAGs may be implicated in the
control of cell death. Because of the kinetics of their lysosomal
degradation, glycanase-resistant GAGs analogs might facil-
itate the study of a potential implication of GAGs in the
programmed cell death processes.
It has been shown that a family of polysaccharides

structurally and functionally related to GAGs protect hepar-
in-binding growth factors against proteolytic degradation,
enhance their bioavailability11,12 and directly inhibit activities
of plasmin, neutrophil elastase, and cathepsin G.13 In vivo,
some of these compoundsmodified inflammation kinetics and
enhanced tissue repair and regeneration in several models
including periodontis, mucositis, and burns.14–17 Therefore
they were also named RGTAs for ReGeneraTing Agents.
Here, we postulate that GAG–mimetics can participate to
regulation of apoptosis in amechanism implicating cathepsins
activation and lysosomal membrane permeabilization. As
oxidative stress plays an important role in tissue injury, we
studied here the protective effect of a GAG–mimetic, named
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OTR4120, against oxidative stress-induced apoptosis. A
model of acute hydrogen peroxide (H2O2) stress in primary
culture of skin fibroblast was used to evaluate the effect of the
compound on lysosome and mitochondrial membrane
permeabilizations, in intracellular ROS production, and on
caspase-9, -3 and -8 activities. We characterized stressed
and non-stressed cells by assessment of aconitase activity
and membrane lipid peroxidation in treated and untreated
stressed cells and controls. Cytosolic cathepsin D activity was
evaluated and the effect of the GAG–mimetic in the in vitro
cathepsin activity was assessed. The GAG–mimetic interac-
tion with TNF-a was evaluated to exclude the extrinsic
pathway of apoptosis. Finally, the protective effect of natural
GAGs including heparan sulfate (HS), chondroitin sulfate
(CS), and heparin (Hep) were evaluated by cytosolic
cytochrome c release and caspase activities.

Results

Cell status. Stress was induced in fibroblasts by 30min
treatment with H2O2. After removal of the oxidant, cells were
treated, or not, by OTR4120 and their functional status was
established by measuring membrane lipid peroxidation,
aconitase and SOD activities. Lipid peroxidation was
evaluated by measuring malondialdehyde (MDA) levels in
cell membranes just after the stress period, and 1 and 24 h
later in the presence and in the absence of the GAG–mimetic
(Figure 1a). Compared to control cells (unstressed
fibroblasts), MDA content was increased by 1.6-folds in
cells at the end of the stress period and 3.6-folds after 24 h.

OTR4120 treatment was not significantly efficient 1 h after
the stress but after 24 h lipid peroxidation increase was totally
inhibited. The enzymatic activity of aconitase, a ROS-
sensitive mitochondrial enzyme, was reduced by 50% after
30min of H2O2 treatment (Figure 1b). Interestingly,
OTR4120 restored this activity close to control values
after only 1 h of treatment. The activities of antioxidant
enzymes SOD were measured in cytosolic and mitochondrial
extracts. Results showed that SOD activities were increased
in both fractions with a stronger effect in the cytosolic one.
However, the mimetic showed only a slight effect on their
activities.

Mitochondrial fragmentation and assembling. Changes
in mitochondrial morphology induced by oxidative stress in
fibroblasts treated or not by the GAG–mimetic were examined
with the fluorescent probe MitoTracker Green FM dye. These
changes, known to begin at the very early stages of the cell
death cascade18 were observed at 1, 3, 6 and 24h after H2O2

stress (Figure 2a). Disintegration of the tubular mitochondrial
network and formation of punctuate staining were observed
(arrows in Figure 2a). The fragmentation of mitochondria,
observed from 1h after H2O2 stimuli, was accompanied by an
intracellular migration of mitochondria from the cell periphery
to the nuclei. The treatment by OTR4120 after H2O2

withdrawal markedly reversed the formation of roundish
mitochondria and prevented nucleus migration.

Mitochondrial membrane potential and cytochrome
c release. Changes in the mitochondrial membrane
potential (Dcm) were detected in cells by using the JC-1
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Figure 1 (a) Peroxidation of fibroblast membrane lipids was assessed in cell membrane suspensions by measuring MDA formation (530 nm) in the presence of
thiobarbituric acid (1%) and trichloroacetic acid (3%). MDA amount was quantified after 30 min of stress, and 1 and 24 h after the end of stress with and without GAG–mimetic
treatment (1 mg/ml). Results are expressed as the percentage of MDA levels in non-stressed cells and represent three independent experiments in duplicate, presented as
mean±S.E.M. *Po0.05; **Po0.01 and ***Po0.005 versus control; dddPo0.005 versus stress after 24 h. (b) Aconitase activity was performed at 371C in TRIS buffer
(50 mM, pH 7.4) with cis-aconitate as substrate (0.4 mM) and at 240 nm using a spectrophotometer Jascos V-530 (JP). Then the rate was measured during 5 min and
expressed in percentage of aconitase activity in unstressed cell. Results represent 3 independent experiments in duplicate and are presented as mean±S.E.M. **Po0.01
versus control unstressed cell; dPo0.05 and ddPo0.01 versus stressed cells. (c and d) SOD activity in mitochondrial and cytosolic fractions, respectively. The reduction of
nitroblue tetrazolium, by free O2 � � anions produced by the xanthine and xanthine oxidase coupled system and corresponding to the opposite of SOD activity, was measured
at 560 nm. Results are expressed in percentage of SOD activity in non-stressed cell and represent 3 independent experiments in duplicate presented as mean±S.E.M.
***Po0.005 versus control
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probe. In stressed cells, a maximum decrease in the ratio
of the intensities of J-aggregated sub-populations was
observed 1 h after H2O2 withdrawal, indicating a decrease
in Dcm (Figure 2b). This low Dcm was found to be stable after
24 h in stressed OTR4120 non-treated cells. Treatment
with 1mg/ml of OTR4120 gradually restored Dcm in 24 h
(Figure 2c). The release of cytochrome c into the cytosol can
be detected in stressed cells 1 h after the end of stress.
Treatment with OTR4120 inhibited this release between 1 to
24 h. Our data also demonstrated that OTR4120 had no
obvious effects on Dcm and cytochrome c release of control
fibroblasts (data not shown).

Caspase-9 and -3 activations. To further verify the role of
OTR4120 in apoptosis induced by H2O2 in skin fibroblasts,
we measured caspase-9 and -3 activities at different times
after oxidative stress induction. Caspase-9 activity reached a

peak level about 6 h after H2O2 withdrawal (Figure 3a). This
was followed by a caspase-3 maximum activation at about
24 h after H2O2 withdrawal (Figure 3b). In the presence of
OTR4120, a significant decrease in both caspase activations
was observed in the stressed cells. The recorded levels were
similar to those measured on the non-stressed cells (Figure
3a and b). This was confirmed by Western Blot analysis
(Figure 3a and b). This indicates that OTR4120 inhibits the
downstream caspase activation characteristic of the intrinsic
pathway of apoptosis.

TNF-a activity and caspase-8 activation. To exclude the
possibility of an interaction of the GAG–mimetic with the
extrinsic pathway of apoptosis, the effects of OTR4120 on
the TNF-a apoptosis-induced pathway was measured by
three separate experiments. Firstly, binding experiments
between mrTNF-a and OTR4120 were performed by an
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OTR4120 H2O2 H2O2+OTR4120

24h

Figure 2 Mitochondrial fragmentations and membrane potential disruption induced by H2O2 in skin fibroblasts. (a) Mitochondrial morphology was visualized by
MitoTracker Green FM staining in different groups of fibroblasts: in unstressed and untreated cells (control), treated with OTR4120 (1mg/ml) alone, or stress with H2O2 (5 mM,
30 min), or by H2O2þOTR4120, separately. Pictures were taken using confocal scanning microscopy at different times (1, 3, 6 and 24 h) after the end of stress. (b)
Representative images of mitochondrial membrane potential (Dcm) in different treatment groups. Cells were co-incubated with JC-1, which exists as a green fluorescent
monomer at low membrane potential. At higher membrane potentials, JC-1 forms red-fluorescent ‘J-aggregates’ exhibiting a broad excitation and emission maximum at
B590 nm (red). Dcm was measured at different times after H2O2 withdrawal in each group. (c) Quantification of the ratio of red-to-green fluorescence is representative of the
relative mitochondrial membrane potential. Thus, the ratio of red-to-green fluorescence was calculated for each group at different times after H2O2 withdrawal with an Olympus
Fluoview 5.0 software. Results are expressed as the means±S.E.M. and represent at least 100 cells in three independent experiments. (d) Western blot analysis of
cytochrome c release in cytosolic extracts 1 and 24 h after the end of stress. Non-stressed cells and/or OTR4120 untreated cells (1 mg/ml) were represented by ‘�’. Cytosolic
cytochrome c amount was measured by ‘Image J’ software quantification and expressed in % of cytochrome c released in cytosol related to control cells. This immunoblot
represents three independent experiments and is expressed as the mean±S.E.M. dddPo0.01 versus control unstressed cell; ***Po0.01 versus stressed cells
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ELISA-based assay with immobilized OTR4120 and the
soluble protein. mrTNF-a immunolabeling showed that the
GAG–mimetic was not able to bind mrTNF-a even in a low
detectable extent indicating a very low or null affinity (data
not shown). A positive control (FGF-2) was used to validate

the presence of the mimetic on the plate surface. Secondly,
the TNF-amediated cytotoxicity assayed in the cell line L929,
routinely used to assess TNF-a activity, was not modified by
treatment with OTR4120 (Figure 4a). Finally and importantly,
caspase-8 was not activated in the model of fibroblasts
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submitted to oxidative stress, treated or not with OTR4120,
indicating that in this model the extrinsic pathway of
apoptosis is not activated in any of the working conditions
(Figure 4b).

ROS generation. The intracellular ROS level was tested in
the H2O2 stressed cells by using the H2DCF-DA fluorescent
dye soon after and 1 h after the oxidant withdrawal.
Intracellular ROS level was significantly higher (Po0.001),
closed to 10-fold greater, than the basal ROS level in
unstressed and OTR4120-untreated cells (Figure 5a and b).
One hour after the stress withdrawal, the ROS production
fold into decline with time from 28% reduction at 3 h, 68% at
6 h and 78% at 24 h. By comparison, OTR4120 treatment
markedly dropped this level (Po0.001), by reducing the ROS
production from about 29% at 1 h, 71% at 3 h, 81% at 6 h and
86% at 24 h (Figure 5a and b). Interestingly, the intracellular
ROS level in unstressed cells treated with OTR4120 was
similar to the level measured in non-stressed control cells.
These results indicate that the GAG–mimetic can directly or
indirectly reduce intracellular ROS production induced by
H2O2 treatment.

Early lysosomal membrane permeabilization. LMP was
analyzed by the acridine orange (AO) relocation method
using confocal microscopy. Figure 6a illustrates typical
appearances and subcellular localizations of the AO-probe
in control and OTR4120-treated cells. AO was exclusively
found as red granules localized in the cytoplasm with a
perinuclear distribution consistent with that of lysosomes,
together with some faint green staining of the nucleoli and
cytoplasm. In cells stressed with H2O2 for 30min and
observed every 5min after oxidant withdrawal, a more
diffuse green staining in the cytoplasm was observed,
together with time-dependent red granules disappearing.
When fibroblasts were treated with OTR4120 after the
stress period, the red granules, monitored continuously for
15min, slowly decreased. Simultaneously, we observed a
decrease of the green fluorescence smearing into the
cytoplasm compared to the stressed cells. This clearly
demonstrates the protective effect of the GAG–mimetic
against lysosomal membrane disruption induced by
oxidative stress.

Cathepsin D activity. Cathepsin D has recently been
involved in the regulation of apoptosis in skin models
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Figure 3 Caspases-9 and -3 activities modification by OTR4120 treatment in fibroblasts. Cells were submitted to H2O2 (0.5 mM, 30 min) and treated or not by OTR4120
(1mg/ml). Results are expressed in % of unstressed control group and represent three independent experiments in triplicate. Results are presented as the mean±S.E.M.
**Po0.01 versus control unstressed cell. (a) Caspase-9 activation was measured at different times after the end of the stress using specific fluorescent substrate Ac-LEHD-
AFC. Caspase-9 immunoblot in cytosolic extracts 6 h after the end of stress. Non-stressed cells and/or OTR4120 untreated cells (1mg/ml) were represented by ‘�’. This
immunoblot was representative of three independent experiments. (b) Caspase-3 activity was measured at different times after H2O2 withdrawal in each group using Ac-
DEVD-AFC as substrate. Caspase-3 immunoblot in cytosolic extract 24 h after the end of stress. Unstress cells and/or untreated cells by OTR4120 (1 mg/ml) were represented
by ‘�’. This immunoblot was representative of three independent experiments
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associating oxidative stress. Classically, oxidative stress
induced the lysosome membrane disruption and the cytosolic
release of cathepsins, in particular cathepsin D, in skin
fibroblasts.19 In our model, cathepsin D activity was
increased in cytosolic extracts by 24% at the end of the
stress and by 60% 1h later. OTR4120 (1 mg/ml) treatment
restores the cathepsin D activity level close to the control
unstressed cells (Figure 6b). Western blot analysis of
cytosolic extracts showed a little increase of cathepsin D at
the end of the stress whereas a high level was detected after
1 h. Remarkably, OTR4120 cell treatment inhibited this
response to stress (Figure 6d). As the inhibition of the
lysosomal enzymes by GAGs has been previously
reported,10 we tested the effects of OTR4120 on cathepsin
D activity and showed that this protease was inhibited by
the GAG–mimetic in a concentration–dependent manner
(Figure 7c). The IC50 of the GAG–mimetic was 19.5±2.7 nM
and total inhibition was obtained at 100 nM.

Effect of pepstatin A on caspases activation. To
investigate if cathepsin D plays a role in our model of skin
fibroblasts cell death and in the activation of caspases, the
activities of caspase-9 and-3 were analyzed with and without
treatment by pepstatin A, a specific cathepsin D inhibitor. As
seen in Figure 7a and b, treatment of cells with pepstatin A,
significantly prevented caspase-9 and -3 activations and thus
offered similar protection to that afforded by OTR4120.

Protective effect of natural GAGs. The action HS, CS and
Hep was considered in this model of oxidative stress-induced
cell death by assessing cytochrome c release and caspase-9
and 3 activities in the same experimental conditions than the
GAG–mimetic. As expected, HS and CS decrease the
cytochrome c release and caspases activations whereas
surprisingly no effect was observed for Hep treatment
(Figure 8).

Discussion

The structural complexity of GAGs and the growing evidences
indicating their multifunctional roles in the regulation of
complex biological processes points out their potential
involvement in the regulation of another major process:
apoptosis. During the last few years, the use of GAGs at high
doses have clearly shown their antioxidant properties both in
vitro and in vivo experimental models; they reduced hydroxyl
radical generation, inhibited lipid peroxidation and improved
antioxidant defences.20–22 Although their mechanisms of
actions have not been well defined, some of these activities
have been associated to a ROS scavenger activity observed
only when GAGs were used at high concentrations (mgg/kg
or mgg/ml).20–22 The ROS scavenger hypothesis is not
consistent when GAGs or their mimetics are used at low
doses (mg/kg or mg/ml). Here, based in the intracellular GAG
fate, we consider an additional hypothesis related to an
antiapoptotic effect at low GAGs concentrations. We used a
cellular model of acute oxidative stress in primary culture of
skin fibroblasts. This model is characterized by the induction
of H2O2 stress during 30min followed by elimination of the
oxidants from the cell environment before natural GAGs or
GAG–mimetic treatment. This circumvents the direct interac-
tion of the polysaccharides with extracellular soluble mole-
cules and especially with extracellular ROS avoiding, in this
way, ROS scavenger activities in the ECM. As shown in
Figure 1, H2O2 treated cells were characterized by an
increase of membrane lipid peroxidation, a decrease of
aconitase and an increase in SOD activities.
In this system, we investigated the antiapoptotic effect of

the GAG–mimetic OTR4120, member of the RGTAs family of
glycanase-resistant polysaccharides that exert, at low con-
centrations, remarkable wound-healing effects in injured
tissue models involving oxidative stress.11,15–17 RGTAs are
characterized by their capacity to surrogate natural GAGs
destroyed by glycanase activities during stress. As expected,
the GAG–mimetic decreased lipid peroxidation of cell
membranes and restored the activity of aconitase close to
control level (Figure 1) indicating that, at low concentrations,
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the polysaccharide can regulate oxidative stress, and in
consequence apoptosis.
Thus, the effect of OTR4120 was investigated in some key

steps of the extrinsic and intrinsic pathways of apoptosis. In
the extrinsic pathway, also known as ‘death receptor path-
way’, apoptosis is triggered by the ligand-induced activation of
death receptors at the cell surface. Fas and the TNF-a
receptor transmit a signal to the cytoplasm that leads to the

activation of caspase-8, which initiates a cascade of caspases
activation including caspase-3 and leading to cell death. To
evaluate whether the GAG–mimetic OTR4120 affects H2O2-
induced cell death through this pathway, we tested whether
the sulfated polysaccharide could modulate the activity of
TNF-a or bind to it. Themeasurement of TNF-a and caspase-8
activities (Figure 4a) in stressed and non-stressed cells
treated or not with the mimetic showed no differences.
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Accordingly, a lack of affinity between TNF-a and the mimetic
was also observed. This suggests that, under the working
conditions, this extrinsic pathway of apoptosis is not activated
in the H2O2-stressed cells and that the GAG–mimetic by itself
it not able to protect the cell by this path.
The intrinsic pathway of apoptosis, also called ‘mitochon-

drial pathway’, is the result of an intracellular cascade of
events linked to mitochondrial membrane permeabilization
(MMP). MMP induces the release of mitochondrial pro-

apoptotic proteins, which in turn triggers the formation of a
caspase-9 homodimer that activates caspase-3. This cas-
pase cleaves enzymes and activates endonucleases to finally
induce apoptosis. To confirm the activation of this pathway in
our oxidative stress model, we examined the integrity of the
mitochondrial membrane in stressed and non-stressed cells
and looked into the GAG–mimetic effect. One indicator of
alterations on the mitochondrial membrane is the change in
its mitochondrial membrane potential (Dcm). In our model,
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control cells, treated with OTR4120 (1mg/ml) alone, stress with H2O2 (5 mM, 30 min), or H2O2þOTR4120. Results represent three independent experiments. (b) Cathepsin D
activity in cytosolic extracts of normal, stress (5 mM, 30 min) and stress (5 mM, 30 min)þOTR4120 (1 mg/ml) skin fibroblasts. Results are expressed in percentage of normal
cell extract levels and presented as mean±S.E.M. of three independent experiments in duplicate. *Po0.01 and **Po0.05 versus control unstressed cell; dddPo0.001
versus stressed cells. Western blot analysis of cathepsin D release in cytosolic extract at the end of the stress and 1 h after. Non-stressed cells and/or untreated cells by
OTR4120 (1 mg/ml) were represented by ‘�’. This immunoblot was representative of two independent experiments
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oxidative stress induced the Dcm collapse in cells 1 h after
H2O2 removal, whereas in OTR4120-treated cells, Dcm was
partly restored (Figure 2b and c) as previously described for
other sulfated polysaccharides in a model of T-cell apopto-
sis.23 Our results also demonstrated that OTR4120 exerts not
obvious effects on the physiological Dcm level in non-stressed
cells indicating that the compound acts on the cascade of
events allowing restoration of Dcm. Western blot analysis
confirmed that cytochrome c release to the cytosol is
increased 1 h after stress induction, which ascertains mito-
chondrial dysfunction (Figure 2d). OTR4120-treated stressed
cells, compared to non-treated stressed cells, showed a lower
level of cytosolic cytochrome c 1 h after stress. This level is not
modified between time (24 h), which suggests that cyto-
chrome c stays in mitochondria favoring its recovery.
Interestingly, a known apoptosis ATP-dependent process is
the intracellular migration of mitochondria characterized by
decomposition of extended mitochondrial profiles to small
roundish mitochondria known as ‘thread-grain transi-
tion’.18,24,25 In our model, the mitochondria assembling
analysis showed that localization of the round shed mitochon-
dria was pronounced near the cell nucleus in stressed cells
compared to control cells. As expected, this effect was

diminished in OTR4120-treated cells (Figure 2a). Moreover,
analysis of caspase activities and immunoblots on H2O2-
stressed cells showed a caspase-9 activation with a peak level
B6h after the stress induction and a caspase-3 maximum
activation B24h after. Importantly, in OTR4120-treated cells,
the two caspases showed similar activity levels to those of the
non-stressed control cells (Figure 3a and b). It demonstrates
that OTR4120 is able to interfere with apoptosis induced
through mitochondrial damage. Mitochondria is proven to be
the most powerful intracellular source of ROS but they are also
recognized as the main target of these species.26 In the
mimetic untreated cells the initial H2O2 exposure increases the
intracellular ROS levels observed 1h after the stress.
OTR4120 treatment reduced these ROS levels (Figure 5a
and b) possibly due to protection of mitochondria.
In the other side, it is important to point out that in our model

the GAG–mimetic affects important key points of the intrinsic
pathway of apoptosis in a time-dependent process: MMP
collapse was observed at least 1 h after stress, the mimetic
restored MMP-intracellular ROS increased also in the first
hour, the mimetic reduces these levels-caspase-9 was
activated at 6 h-caspase-3 was activated at 24 h, the
mimetic effect was transduced by restoring caspases to
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control levels. This indicates that the polysaccharide can
interact somewhere between or before the mitochondrial step
of the intrinsic pathway of apoptosis. Previous reports have
demonstrated that several GAGs are efficient inhibitors of
lysosomal enzymes, as cathepsins.10 Our results showed that
the GAG–mimetic may also interact with cathepsin D and inhi-
bit its activity (Figure 7c). Cathepsins B, L and D have shown
to play important roles in the regulation of apoptosis.27,28

Although cathepsin B induced cleavage of the protein Bid
leading to its pro-apoptotic activation,29 it has appeared that
cathepsin D can trigger apoptosis through multiple pathways
that may overlap with traditional mediators. Importantly, in

skin fibroblasts submitted to oxidative stress, only cathepsin D
could mediate apoptosis through the activation of Bax and this
by an unknown mechanism.19,28,30 This resulted in the
collapse of mitochondrial membrane potential independently
of cathepsin B activity and Bid cleavage.2,19 Even if there are
many controversies on the involvement of cathepsin D and
pro-cathepsin D in Bax activation,31,32 our results show that
treatment with Pepstatin A, a specific inhibitor of cathepsin D,
protects cells from oxidative stress injuries to the same extent
as the GAG–mimetic. This can directly or indirectly concern
the activation of Bax and Bak proteins, which proved to have a
decisive role in the disruption of mitochondrial function.33

These proteins have recently been considered as key
elements of a novel death cascade involving lysosomal
communication with mitochondria.34 Lysosomal cathepsins
release to the cytosol was associated to LMP and Bax
activation leading to MMP before Cytochrome c release.2 In
our model, the AO subcellular redistribution from lysosomes
to cytosol showed a clear lysosomal membrane disruption
15min after H2O2 withdrawal from cells (Figure 6a) and was
confirmed by an increase of the cytosolic cathepsin D activity
(Figure 6b). This lysosomal destabilization can then be
associated to the cytosol release of cathepsin D followed by
the observed definite signs of mitochondrial damage including
collapse ofDcm and increases in caspases-9 and -3 activities.
Although it is not so simple to establish which occurs first,
MMP or LMP, ROS generation following mitochondrial
damage could act as a feedback to the lysosomes resulting
in lysosomal disruption with further release of lysosomal
enzymes.29,35 Thus, we suggest that lysosomal membrane
disruption induced by oxidative stress can be inhibited by
OTR4120 treatment, preventing the release of cathepsin D to
the cytosol.
The results of cell death protection by natural GAGs

assessed by cytochrome c release and caspases activities
indicate that endogenous GAGs are effectively able to
regulate apoptosis but to a lower extent than their mimetic.
This could be explained by mimetic resistance to glycanases
degradation. Importantly, the non-effect observed by Hep
treatment, although surprising, agrees with the existence of
particular GAG sequences bearing sulfate groups in optimal
extents and/or positions for specific interaction with HBP.1,36

This suggests the existence of a sulfation code for the
regulation of apoptosis.
Thus, intracellular or lysosomal GAGs, their metabolites, or

their mimetics, may interact with lysosomal enzymes and
modify their fates. This supports the hypothesis pointing out
lysosomes as targets for regulation of apoptosis7 and
suggests that GAGs can be added to the molecular elements
of the apoptosis cascade. It is important to remark that GAGs
regulate other cellular processes as proliferation and differ-
entiation, which involve signaling events that could also be
assessed in this model, but later on. Moreover, the observed
cascade of early antiapoptotic effects suggests rapid interac-
tions of GAGs with direct mediators of cell death, as
cathepsins. This process can then be pulled out from other
time consuming events.
Taken together, our data suggest that lysosomal disruption

and cathepsin D release may be key players of the H2O2-
induced apoptosis in fibroblasts. As GAGs and GAGs
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Figure 8 Effects of HS, CS and Hep on skin fibroblasts submitted to an
oxidative stress. Cells were submitted to H2O2 (0.5 mM) during 30 min and treated
or not by HS, CS or Hep at 1 mg/ml. (a) Western blot analysis of cytochrome c
release in cytosolic extracts 1 h after the end of stress. Non-stressed cells and/or
HS, CS or Hep untreated cells (1mg/ml) were represented by ‘�’. This immunoblot
represents 3 independent experiments. (b) Caspases-9 activity modifications by
HS, CS or Hep treatments. Caspase-9 activation was measured 6 h after the end of
the stress using specific fluorescent substrate Ac-LEHD-AFC. Results are
expressed in percentage of unstressed control group and represent three
independent experiments in triplicate. Results are presented as the mean±S.E.M.
**Po0.01 versus control unstressed cells. (c) Caspase-3 activity was measured at
24 h after H2O2 withdrawal in each group using Ac-DEVD-AFC as substrate. Results
are expressed in percentage of unstressed control group
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metabolites are common residents in lysosome, they can
readily be implicated in the regulation of the apoptosis
mediated between lysosomes and mitochondria. Discriminat-
ing between intracellular and extracellular actions of GAGs or
their mimetics will eventually be facilitated by further studies.
Progress in this area will open a promising new therapeutic
strategy in different pathologies where oxidative stress is
implicated including lysosomal storage, skin and neurode-
generative disorders.

Materials and Methods
Chemicals and reagents. The GAG–mimetic OTR4120, or RGTA, used in
this study was obtained from OTR3 (Paris, France). The structure characterization
of this water-soluble dextran derivative has been described elsewhere.37 Briefly, the
product is composed of about 200 glucosidic units bounded by b1-6 linkages. This
compound contains carboxylic and sulfate substitutions in contents comparable to
those found in heparin: the sulfate degree of substitution was 1.1 and that of
carboxylate (dsC) was 0.5. Dulbecco’s Minimal Essential medium (DME), RPMI
1640, fetal bovine serum (FBS), penicillin/streptomycin, trypsin-EDTA solution and
phosphate buffered saline (PBS) were from GibcoBRL (France). 3-(4,5-Dimethyl-2-
thiazolyl)-3,5-diphenyl-2H-tetrazolium bromide (MTT), bovine serum albumin (BSA),
H2O2, cis- aconitate, CS, HS and Hep were from Sigma (France). 20,70-
Dichlorofluorescein diacetate (H2DCFH-DA) was from Biotium (USA). 5,50,6,60-
Tetrachloro-1,10, 3,30-tetraethyl-imidacarbocyanine iodide (JC-1) was from Fluka.
Mitotracker Green FM was from Molecular Probes. Recombinant murine TNFa/
TNFSF1A and anti-mouse mouse TNFa antibody were purchased from R&D
Systems Europe (Abingdon, UK). Donkey anti-goat IgG HRP conjugate, caspase-3,
-8, -9, cytochrome c, cathepsin D antibodies were from Santa Cruz. Caspase
substrates Ac-DEVD-AFC, Ac-IETD-AFC and Ac-LEHD-AFC were purchased from
Calbiochem.

Cell culture. Fibroblasts were derived from back skin biopsis of healthy young
Wistar rats (3 months old). Biopsies were cut tangentially to the epidermis to
separate superficial and deep fibroblasts in the dermis. Cells were cultured in
medium DME containing 4500 mg/l Glucose, 20% FBS and 100 IU/ml penicillin/
streptomycin, at 371C in humidified 95% air with 5% CO2. For experiments involving
caspase activity determination, cells were plated in six-well culture plates (TPP,
Switzerland); for confocal imaging, cells were seeded in 35 mm glass bottom culture
dishes (MatTek Corp, USA). Cells were used within fifth passage. The L929 cell line
was purchased from ATCC, and cultivated in RPMI-1640 supplemented with 10%
FBS and 100 IU/ml penicillin/streptomycin at 371C in humidified 95% air with
5% CO2.

Induction of oxidative stress in fibroblasts. Skin fibroblasts were
plated into six-well culture plates (TPP, Switzerland) at a density of 0.5� 105 cells
per well. After 24 h incubation, oxidative stress was induced in the cells by treatment
with 0.5 mM H2O2 incubated at 371C for 30 min. Then the medium was discarded
and replaced by 2 ml of the same fresh medium supplemented or not with the
GAG–mimetic. 1, 3, 6 and 24 h later, cells were subjected to morphological and
biochemical evaluation.

Confocal microscope imaging. To study the inhibition of oxidative stress
at the single cell level, a confocal laser-scanning system (Olympus, FV500, Tokyo,
Japan) microscope was used. The confocal unit was interfaced with an Olympus
IX-81 inverted fluorescence microscope. For the study of various intracellular
components and functions the following vital fluorescent probes were used:
H2DCFH-DA 5 mM, for the generation of ROS, MitoTracker Green FM 100 nM, a
mitochondria-selective stain in living cell, operating at a lexc of 488 nm and at lem of
520 nm; JC-1, 5 mM, for Dcm; AO, for assessment of lysosomal membrane
integrity, scanning at a lexc of 488 nm and at lem of 520 nm and 615 nm. The
optimum time loading for each of the probes was determined experimentally.
Images were recorded with a � 60 oil immersion objective using a zoom factor of
2.0 and sequential scanning with the 488 nm spectral line of an argon-ion laser, and/
or the 543 nm line from a green helium-neon laser, and/or the 633 nm line of a red
helium-neon laser. All images were acquired and analyzed with an Olympus
Fluoview 5.0 software.

Cell status. Aconitase activity was assayed by ultraviolet absorbance as
described by Drapier.38 Lipid peroxidation was assessed as the generation of
thiobarbituric acid-reactive substances, that is, lipid peroxides, according to Zini
et al.39 The xanthine and xanthine oxidase couple system is used as superoxide
generator and nitroblue tetrazolium as a probe, a common assay for SOD activity.
The reduction of nitroblue tetrazolium, reflecting the level of free O2K� anions, is
measured spectrophotometrically at 560 nm.

Caspase-3, -8, -9 activations. The caspase assay is based on the ability
of the active enzymes to cleave the fluorogenic substrates Ac-DEVD-AFC
(caspase-3), Ac-IETD-AFC (caspase-8), or Ac-LEHD-AFC (caspase-9). Cells
treated under various conditions were harvested through trypsinization and washed
with PBS. The cell pellet was gently suspended in buffer containing HEPES 30 mM,
EDTA 0.3 mM, NaCl 100 mM, Triton X-100 0.15% and DTT 10 mM and centrifuged;
the supernatant was used for the assay. Caspase substrates were added to a final
concentration of 100mM. The plate was covered, mixed gently on a Titramax 100
plate shaker and incubated at 371C for 2 h. Then incubated samples were
measured at lex of 400 nm and lem of 505 nm in a fluorescent micro plate reader
(Labsystems Fluoroskan II). For Western blotting experiments with caspases,
cytochrome c, cytosolic and mitochondrial extracts were prepared by washing cells
with PBS, then swelling buffer (10 mM HEPES, pH 7.0, 5 mM MgCl2, 0.67 mM
dithiothreitol, complete protease inhibitors (Roche Applied Science, Indianapolis, IN,
USA). Cells were swollen in an equal volume of swelling buffer for 15 min on ice.
Cells were disrupted by passing through a 22-G needle 10 times, until 80% of nuclei-
stained positive with trypan blue. The suspension was centrifuged two times at
15 000� g for 30 min, 41C. The supernatant was centrifuged at 100 000� g, 1 h,
41C to obtain the S100 fraction used for immunoblot experiments.

Binding of TNFa to OTR4120-BSA. OTR4120 was covalently bound to
BSA in a potassium phosphate buffer (0.2 M, pH 8) medium as previously
described.40 The protein concentration was determined by the kit BCA protein assay
(Pierce). The surface of 96 flat-well were coated overnight at 41C with 100ml of
OTR4120-BSA (20mg/ml of equivalent BSA), prepared complexes in 50 mM Tris-
HCl, pH 7.4, supplemented with 12.5 mM EDTA. After three washings with PBS
containing 0.05% Tween 20 (washing buffer), the non-specific interactions were
saturated with PBS containing 3% BSA for 1 h at room temperature. The plates
were washed again and the various concentrations of rmTNFa were added at 371C
for 2 h, after washing 10mg/ml goat anti-mouse TNF-a were added at 371C for
1.5 h. After a new wash, horseradish peroxidase (HRP)-conjugated rabbit anti-goat
IgG (1 : 10 000 in PBS) was added to each well and incubated for 1 h at room
temperature. HRP label was visualized using tetramethylbenzidine substrate kit
(TMB kit, Pierce). The reaction was terminated with 1 M H2SO4 and the absorbance
measured at 450 nm. All experiments were carried out in duplicate and were
repeated three times.

TNFa activity assay by L929. L929 were used for their sensitivity to TNF-a
mediated cytotoxicity by using a modified method of Flick and Gifford.41 Briefly, 96
flat-well plates were seeded with 3.5� 104 cells per well. Actinomycin D (50 ml of
4mg/ml) was introduced and after 12 h incubation, 50 ml of various concentrations of
rmTNFa and OTR4120 were added. The plates were incubated for 24 h. For the cell
viability measurement, MTT (1 g/l) was added into each well and incubated for 4 h at
371C. Thereafter, the MTT-solution was removed and the formed intracellular dye
solubilized by DMSO. The absorbance of the solution was measured at 570 nm
using a micro-ELISA plate reader. Mean percentage cytotoxicity was determined to
allow normalization of data in each experiment.

Cathepsin D activity. The assay is based on the hydrolysis of a fluorimetric
substrate, MCA-Gly-Lys-Pro-lle-Leu-Phe-Phe-Arg-Leu-Lys(DNP)-D-Arg-NH2 trifluoro
acetate salt, by the enzyme. After cathepsin D cleavage of the peptide between the
two phenylalanine residues, the quenching is relieved and the released MCA-peptide
fluoresces at lem 393 nm after excitation at lex 328 nm. The enzyme was pre-
incubated 10 min at 371C with various concentration of OTR4120 before the specific
substrate addition (20mM). Then, cathepsin D activity was measured after 20 min of
incubation at 371C. Analyses performed in the presence of 0.3 mM pepstatin A were
used to estimate contributions of cathepsin D to the monitored reaction. The activity of
cathepsin D was measured in cytosolic extracts obtained by incubating cells 5 min at
41C in a buffer (250 mM sucrose, 70 mM KCl, 137 mM NaCl, 4.3 mM NaH2PO4,
1.4 mM KH2PO4, pH 7.2) containing 100mg/ml of digitonine. After a centrifugation of
10 min at 12 000 g, supernatant corresponding to the cytosolic extract was assayed by
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acid phosphatase test to verify the integrity of lysosomes. Then, cathepsin D activity
was measured as previously described, or the presence of this protease detected by
immunoblots.

Data analysis. Group data are expressed as mean±S.E.M. Comparisons
among groups were made by ANOVA (F-test), Bonferroni adjusted t-tests were
used for multiple group comparisons, and unpaired t-test was used for single
comparisons. A two-tailed Po0.05 was selected to indicate a statistically significant
difference. All values were calculated using GraphPad Prism 5.00 (GraphPad
Software, San Diego, CA).
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